Electrophysiological recording demonstrated that visuo-tectal projections are topographically organised after optic nerve regeneration in aged Xenopus lae6is. 
Regeneration of central nerve tracts is rare in mature vertebrates (Ramon y Cajal, 1928) . As an exception, the severed optic nerve regrows to visual centres in fish and frogs, re-innervating mainly the contralateral optic tectum (reviewed by Sperry, 1951; Gaze, 1970; . Other examples of axonal regrowth are the rodent olfactory and vomeronasal nerves (Graziadei & Monti-Graziadei, 1979; Barber, 1981) and the limb motor nerves of Urodeles (Holder, Tonge, & Jesani, 1984; Wigston & Kennedy, 1987) . A feature shared by these systems is that neurogenesis is still taking place amongst the parent cell population despite the maturity of the animal (Straznicky & Gaze, 1971; Gruberg & Stirling, 1974; Meyer, 1978; Graziadei & Monti-Graziadei; Sharma & Ungar, 1980; Coleman, Dunlop, & Beazley, 1984; Farel & Bemelmans, 1986; Grant & Keating, 1986; Wigston & Kennedy, 1987; Holder, Clarke, Stephens, Wilson, Orsi, Bloomer, & Tonge, 1991) .
As a consequence, it has been suggested that successful regeneration after axotomy takes place only if some cells within the neuronal population are still undergoing cell division (Holder & Clarke, 1988) . Successful axonal regeneration has two components, namely axonal regrowth and formation of appropriately targeted connections. Axonal regrowth after optic nerve section has already been shown not to require continued generation of retinal ganglion cells (RGC). As examples, in adult mammals some RGC axons regenerate when anastomosed to a peripheral nerve graft (So & Aguayo, 1985) despite a lack of continued RGC generation (Walsh & Polley, 1985) ; in the lizard Ctenophorus ornatus, substantial axon regrowth also occurs in the absence of neurogenesis (Beazley, Sheard, Tennant, Starac, & Dunlop, 1997; Beazley, Tennant, Stewart, & Anstee, 1998) . Moreover, a study of 10 year old X. lae6is frogs showed by axonal tracing that RGC axons regrow along the visual pathway despite an absence of retinal neurogenesis (Taylor, Lack, & Easter, 1989) .
It is not known, however, whether the second component of successful axonal regeneration, namely the formation of appropriate connections, requires contin-ued neurogenesis. In support of the possibility, RGC axon regrowth via a peripheral nerve graft in rat does not result in an appropriately organised projection in the superior colliculus, the homologue of the optic tectum; rather, RGC axons remain close to the graft and retain the order they have assumed within it (Thanos, Naskar, & Heiduschka, 1997) . Furthermore, in C. ornatus, regenerating axons fail to consolidate a retinotopic map (Beazley et al., 1997; Stirling, Dunlop, & Beazley, 1999 ). Here we have used Xenopus, at least 5 years post-metamorphosis, to investigate whether topographic retino-tectal connections are re-established after optic nerve regeneration. In this way, we extend the study of Taylor et al. (1989) in which the presence of optic axon regrowth was confirmed but the topography of regenerated projections was not assessed.
We checked that RGCs were no longer being generated in our animals using 3 H-thymidine autoradiography. It was necessary to do so, since although retinal neurogenesis has ceased by 10 years, the final timepoint of cell addition is not known (Taylor et al., 1989) . The generation of RGCs is likely to continue beyond a year as cell number increases in this layer by one third between 1 and 10 years (Grant & Keating, 1986) ; approximately three quarters of the cells added are RGCs, the reminder being displaced amacrine cells . Results of our study have been presented in abstract form (Beaver et al., 2000) .
The study was approved by the Animal Ethics and Experimentation Committee, University of Western Australia. Xenopus lae6is borealis that had reached sexual maturity at least 5 years previously were maintained under licence (Quarantine Service/Conservation and Land Management) in tanks of dechlorinated tap water with natural light and fed twice weekly with diced beef heart. Anaesthesia for optic nerve crush, injection of 3 H-thymidine and surgery prior to visual mapping was by immersion in a 0.4% solution of MS222 (3-aminobenzoic acid ethyl ester, methane sulphonate salt, Sigma, St Louis); during electrophysiological recording, anaesthesia was maintained by wrapping the frog in tissue soaked in the MS222 solution. Valobarb was used for terminal anaesthesia (2.1 mg/g b.w. i.m, Jurox, Silverwater, Australia). Experimental (n = 5) and normal animals (n = 4) were studied in parallel.
For optic nerve crush, the nerve on one side was approached via the dorsal part of the orbit and crushed repeatedly with jeweller's forceps (no. 5), a procedure known to sever all RGC axons but leave the nerve sheath intact as a conduit for axonal regrowth (Humphrey & Beazley, 1985) . The ophthalmic blood supply is separate from the nerve at this level and was left intact. The skin was resealed with cyanoacrylate glue.
Immediately after recovery from nerve crush and at weekly intervals up to 10-12 weeks, we tested optokinetic responses (Lazar, 1973) , a behaviour elicited by visual input to pretectal and basal optic nuclei (Montgomery, Fite, & Bengston, 1982) with secondary projections to the optic tectum. When regrowing RGC axons first enter the tectum in frog, optokinetic responses are elicited only to coarse gratings but performance approaches pre-operative levels as the retino-tectal projection refines (Humphrey & Beazley, 1985) . We were thus able to assess the success of the nerve crushes and monitor the time course of RGC axon regrowth. Optokinetic testing was performed by placing the frog in the centre of an optokinetic drum lined with vertical black and white square gratings subtending 1, 7 or 14°.
Visuo-tectal projections from the experimental eye to the contralateral tectum were mapped by extracellular electrophysiological recording of multi-unit responses (Gaze, 1970) at 10-12 weeks post-crush; contralateral projections were also mapped in normal animals. The frog was placed with the experimental eye centred on a translucent dome marked in degrees of visual angle. A glass-coated tungsten electrode (Alan Ainsworth electrodes, UK) was placed serially at intervals across the dorsal tectal surface by reference to a grid superimposed on a photograph of pial pigmentation. Black disks moved across the surface of the dome were used to stimulate and the AC signal amplified (Neurolog, Digitimer UK), displayed on an oscilloscope and stored using MacLab. Receptive fields were located by two observers, one being unaware of the electrode placement. Latency of responses was also assessed following stimulation of the eye in darkened conditions with a yellow diode (250 ms at 1 Hz, approximately 300 lux).
For autoradiography, normal and experimental (3 weeks post-crush) frogs were injected with 3 Hthymidine (10 mCi/g b.w., 1.0 mCi/ml, Amersham) into the dorsal lymph sacs; the procedure was repeated 1 week later. When electrophysiological mapping was complete, 6-8 weeks later, frogs were terminally anaesthetised and perfused transcardially with saline (0.65%) followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Eyes, orientated by a dorsal suture, were removed, wax-embedded and serially sectioned at 10 mm. Sections were processed autoradiographically, counter-stained with cresyl violet and mounted in Depex (Harman & Beazley, 1989) . Every section was individually examined at 1000× for 3 H-thymidine positive cells. The presence of such cells (Fig. 1A, B) in extra-ocular tissue and the optic nerve head, as well as in a length of intestine processed in parallel, confirmed that autoradiography was successful in each case.
Four experimental frogs recovered optokinetic responses via the experimental eye. Responses to a 14 and then a 7°grating returned between 3 and 7 weeks, thus regaining the performance of normal animals. Neither series responded to a 1°grating.
In the four experimental frogs that regained optokinetic responses, electrophysiological recording confirmed normal dimensions for the receptive fields, being up to 10°diameter. Visuo-tectal projections were organised as in normal animals with nasal, temporal, superior and inferior visual fields projecting to rostrolateral, caudo-medial, rostro-medial and caudo-lateral tectum, respectively (Fig. 1) . Latencies from the experimental eye were approximately 190 ms to light on and 250 ms to light off; normal values were 150 and 250 ms, respectively (Fig. 1) . The longer latency to light on presumably reflects a slow recovery of RGC axon calibre and of myelination after optic nerve regeneration (Stelzner & Strauss, 1986 ) within a functional class of RGCs (Keating & Gaze, 1970) .
The remaining experimental frog failed to regain optokinetic responses via the experimental eye. Electrophysiological responses were weak and inconstant. No retinotopic order was apparent and for several tectal locations, responses were elicited from disparate parts of the visual field, resembling projections when only a few axons regenerate (Beazley, 1981) . Dissection revealed extensive damage at the crush site and little axonal regrowth.
Autoradiographically, 3 H-thymidine positive cells were absent from the ciliary margin and RGC layer of normal and experimental animals (Fig. 2C, D) . As exceptions, occasional 3 H-thymidine positive macrophage-like cells were seen in the nerve fibre, RGC cell and inner plexiform layers of experimental retinae (Fig. 2E) ; the cells were presumably phagocytosing RGCs dying after axotomy (Humphrey & Beazley, 1985) . As previously reported (Gruberg & Stirling, 1974; Pedalina & Beazley, 1986; Taylor et al., 1989) , some 3 H-thymidine cells were also seen amongst glial cells in the optic nerve head (Fig. 2B) , particularly in experimental retinae, and in small isolated nests away from the ciliary margin.
Here we show that an ordered retino-tectal projection is re-established during optic nerve regeneration in aged Xenopus despite a lack of continued cell generation at the ciliary margin. The result extends the observations of a capacity for RGC axon regrowth in the absence of retinal neurogenesis in aged Xenopus (Taylor et al., 1989) and in adult lizard (C. ornatus, Beazley et al., 1998) . The lack of continued neurogenesis observed here matches reports of Xenopus 10 years of age (Taylor et al., 1989 ) and other adults of unspecified age (Bohn & Reier, 1982) . Moreover, in the present and previous studies, no cell division was seen at the ciliary margin of experimental eyes undergoing optic nerve regeneration. Previous reports assessed retinal neurogenesis at 0.5 (Taylor et al., 1989) , and 0.5, 1 and 2 weeks postcrush (Bohn & Reier, 1982) whereas our study examined the 3-4 week period. Thus, combining these data, it can be concluded that neurogenesis is absent from aged Xenopus ciliary margin throughout the period during which axotomised RGC axons regrow to visual centres as indicated by the return of optokinetic responses.
Presumably cues for the formation of topographic maps are up-regulated in aged Xenopus despite a lack of continued retinal neurogenesis. The cues are likely, as in developing zebrafish, chick and mouse, to involve complementary gradients of Eph tyrosine kinase receptors in RGCs and their ligands, the ephrins, in the tectum (Brennan et al., 1997; Flanagan & Vanderhaeghen, 1998; Frisen, Yates, McLaughlin, Freidman, O'Leary, & Barbacid, 1998) . Presumably in aged Xenopus, as in adult goldfish (Rodger, Bartlett, Beazley & Dunlop, 2000) , the ligand ephrin A2 is transiently up-regulated in an ascending rostro-caudal gradient during optic nerve regeneration and allows a topographic map to form.
In vitro studies using adult rat have shown that immature RGC axons selectively grow on membranes from rostral rather than caudal portions of superior colliculus deafferented up to 6 months earlier (Wizenmann, Thies, Klosterman, Bonhoeffer, & Bahr, 1993; Bahr & Wizenmann, 1996) . The identity of the cue was uncertain but recent immunohistochemical and semiquantitative RT-PCR studies suggest the cue involves ephrin A2. The molecule is re-expressed as an ascending rostro-caudal gradient in the superior colliculus in adult rats at 1, 2 and 6 months after deafferentation (Lindsey, Rodger, Dunlop, & Beazley, 2001) . Taken together, the findings imply that guidance cues would be available to RGC axons experimentally induced to grow into the superior colliculus in adult rat. Patterns of ephrin re-expression after reinnervation of the superior colliculus via a peripheral nerve graft are currently being investigated to gain insights into why the regenerated RGC input lacks appropriate topographic order. (B, arrows) . Labelled cells were absent from the ciliary margin and from the retina adjacent to it (D is boxed region shown in C). A macrophage-like cell in the inner plexiform layer of an experimental animal (E). Cresyl violet counterstain. Scale bars, A, D, E; 10 mm; B, 20 mm, C, 25 mm. rgc, RGC layer; ipl, inner plexiform layer; inl, inner nuclear layer; onl, outer nuclear layer; onh, optic nerve head.
